Abstract Drought, generally characterized by below-average water supply, propagates through the hydrologic system with consequent ecological and societal impacts. Compared with other drought aspects, the recovery of drought especially in the hydrological components, which directly relates to the recovery of water resources for agricultural, ecological and human needs, is less-understood. Here, taking the Millennium drought in southeast Australia (1997Australia ( -2009 as an illustrating case, we comprehensively examined multiple aspects of the meteorological (i.e., precipitation) and hydrological (i.e., streamflow and base flow) droughts across 130 unimpaired catchments using long-term hydro-meteorological observations. Results show that the duration and intensity of the meteorological drought are both lengthened and amplified in the hydrological drought, suggesting a nonstationarity in the rainfall-runoff relationship during a prolonged drought. Additionally, we find a time lag commonly exists between the end of the meteorological droughts and the end of the hydrological drought, with the recovery of base flow showing a longer lag than the recovery of streamflow. The recovery rate of precipitation after drought was found to be the dominant factor that controls the recovery of hydrological droughts while catchment landscape (i.e., valley bottom flatness) plays an important but secondary role in controlling the lags in the hydrological recovery. Other hydro-climatic factors and catchment properties appear to have only minor influences governing hydrological drought recovery. Our findings highlight a delayed response in the terrestrial components of the hydrological cycle to precipitation after prolonged drought, and provide valuable scientific guidance to water resources management and water security assessment in regions facing future droughts.
Introduction
As an intermittent disturbance in the hydrological cycle, drought has profound impacts on many natural systems and socio-economic sectors [e.g., Mishra and Singh, 2010; Van Dijk et al., 2013; Vicente-Serrano, 2007; Yang et al., 2016b] . For example, the 2003 European-wide drought associated with heat waves led to a massive reduction in vegetation productivity (reduced by 30% [Ciais et al., 2005] ), problems in river navigation and reduced drinking water supply [Fink et al., 2004] . In the United Sates, the 2014 California drought has been characterized as the most severe drought in the instrumental record [Griffin and Anchukaitis, 2014; Robeson, 2015] , resulting in rapid depletion of groundwater reserves, fallowed agricultural lands and wildfires, among many other socio-economic consequences [Famiglietti, 2014; Howitt et al., 2014] . In Amazonia, the two severe droughts in 2005 and 2010 led to widespread vegetation mortality and release of CO 2 into the atmosphere [Lewis et al., 2011] . In China, the 2010 spring drought hit the majority of the country especially in the southwest, causing 744 rivers to cease flowing and 564 smaller reservoirs to dry-up in Yunnan Province alone .
In comparison to other regions, as the driest inhabited continent on Earth and with the highest streamflow variability [Finlayson and McMahon, 1988] , Australia is particularly prone to large-scale changes in hydroclimatic conditions [Finlayson and McMahon, 1988; Ummenhofer et al., 2009] . Most recently, a prolonged drought occurred throughout southeastern Australia between 1997 and 2009 (noting that this period differs between studies due to different criteria for drought determination and different catchments being analyzed), which is the worst drought in the region since the instrumental era and is known as ''the Millennium drought'' (or ''the Big dry''). The Millennium drought extended over all southeast Australia and resulted in very different hydrological behavior compared with shorter droughts in the same catchments [Saft et al., 2016a] . Averaged over southeast Australian catchments, the Millennium drought was associated with 13% decrease in precipitation, amplified to be a 45% decline in streamflow with a 12% reduction in agricultural yield (i.e., measured per unit area) compared to predrought conditions [Van Dijk et al., 2013] . This led to major water crises throughout the region including the suspension of water sharing plans and other extreme environmental consequences [Grant et al., 2013; Heberger, 2011; Kirby et al., 2014; Thomson et al., 2012; Van Dijk et al., 2013] . In a broader context, global scale impacts on water and carbon fluxes were reported associated with southeast Australia's Millennium drought [Fasullo et al., 2013; Jung et al., 2010; Poulter et al., 2014; Zhao and Running, 2010] .
As a typical and widespread persistent drought, a comprehensive understanding of the Millennium drought would not only provide essential scientific guidance to relevant government agencies and stakeholders in dealing with future droughts (e.g., water resources management), but also offer invaluable lessons for other regions potentially facing prolonged meteorological drought [AghaKouchak et al., 2014] . Considerable efforts have previously been made to understand different aspects of the Millennium drought, including its causes, duration, intensity and propagation, among other aspects [e.g., Ummenhofer et al., 2009; VerdonKidd and Kiem, 2009; Chiew et al., 2011; Potter and Chiew, 2011; Van Dijk et al., 2013; Bond et al., 2008; Van Dijk and Renzullo, 2009] . However, previous studies on the Millennium drought mostly take the entire Southern Australia as a whole (or the entire Murray-Darling Basin), resulting in a lack of detailed spatial information on the drought characteristics and its impacts at the catchment-level (exceptions are Saft et al. [2015 Saft et al. [ , 2016a Saft et al. [ , 2016b ). Moreover, recovery from the Millennium drought, especially the hydrological components (i.e., streamflow and base flow), which directly indicate the recovery of available water resources, has not yet been investigated.
Averaged over all southeast Australia, the end of the Millennium drought began following very high and nonseasonal late spring/summer rainfall induced by a strong La Niña event in early 2010 [Boschat et al., 2015; Fasullo et al., 2013] . However, the propagation of this precipitation recovery through individual catchments is likely to be more complex as reported elsewhere [Fleig et al., 2011; Iniguez et al., 2016; Van Loon, 2015] . In many cases, we expect that streamflow would remain at a relatively low level for many months after the recovery of precipitation (i.e., the end of the meteorological drought), showing a time lag in the response of hydrological variables to an increase in precipitation after drought [e.g., Van Loon and Van Lanen, 2012; Van Loon, 2015] . Such a time lag reflects the complexities in the propagation of drought from precipitation to the terrestrial part of the hydrological cycle. The recovery of the hydrological drought depends not only on the atmosphere, but also landscape hydrological processes and catchment properties, which are potentially related with catchment physical properties (e.g., catchment size, slope and soil properties), vegetation behavior and changes in hydrological conditions during drought [Barker et al., 2016; Mishra and Singh, 2010; Van Loon, 2015] .
This study combines long-term meteorological and hydrological records for 130 unimpaired catchments in southeastern Australia to quantify the drought characteristics and to analyze the time lags in the hydrological recovery from meteorological drought for the Millennium drought. Our specific objectives are to: (1) quantify the meteorological (i.e., precipitation) and hydrological (i.e., streamflow and base flow) droughts during the Millennium drought for individual southeast Australian catchments, including the drought onset, end, duration, severity and intensity; (2) identify the time lag in the hydrological recovery after the meteorological drought recovery; (3) understand the climatic and catchment controls on the time lag between the end of the meteorological drought and that of the hydrological drought; and (4) establish a statistical model to map the time lag in the hydrological recovery across southeastern Australia. Spatially explicit knowledge about the time lag in the recovery of hydrological droughts complements previous Millennium drought research and greatly enhances our understanding of the impacts of catchment properties on drought propagation and the hydrological performances in a changing climate. Additionally, it also provides important information for water managers to deal with future prolonged droughts.
Material and Methods

Data
Gridded daily meteorological data, including precipitation, air temperature, solar radiation and vapour pressure at 0.058 spatial resolution from July 1976 to June 2012 were provided by the Australian Bureau of Donohue et al. [2010] and McVicar et al. [2012] , who both advocate the use of fully-physical based forms of potential evaporation (i.e., those that explicitly include the four main driving meteorological variables in the equation), daily potential evaporation was calculated using the Penman [1948] equation. These daily gridded data were further aggregated and lumped for individual catchments at a monthly scale.
Daily streamflow from July 1976 to June 2012 for 130 un-nested and unimpaired catchments across southeast Australia, as parts of the Australian unregulated catchments streamflow collection [Zhang et al., 2013] , were used (Figure 1 ). The 130 catchments were selected based on the completeness of streamflow records (>90% data coverage) and land use characteristics (i.e., <5% intensive land use and irrigation areas) within each catchments. The resulting catchments range in size between 50 and 3786 km 2 and have a mean annual aridity index (AI; the ratio between mean annual potential evaporation and precipitation) varying between 0.74 and 2.56, reflecting the semi-arid/sub-humid climate type of the region.
We also collected a series of catchment property data to investigate how catchments regulate the time lag in the hydrological recovery after the meteorological drought ended. Mean catchment elevation and slope were derived based on the GEODATA 9-sec Digital Elevation Model (DEC-9S) version 3 provided by Geoscience Australia (http://www.ga.gov.au/metadata-gateway/metadata/record/gcat_66006). Catchment mean saturated soil hydraulic conductivity at two soil layers (i.e., top-layer, 5 cm and sublayer, up to two meters) were extracted for each catchment from a gridded soil hydraulic data set (0.018 spatial resolution) created by the National Land and Water Resources Audit based on observations made by state soil agencies and CSIRO (http://www.asris.csiro.au/arcgis/rest/services/ASRIS/ASRIS_2001/MapServer). The landscape valley bottom flatness index (VBF) was summarized for each catchment, which is related to depth of sediment deposits and significantly affects runoff behavior [Butterworth et al., 2000; Herron and Wilson, 2001] [Donohue et al., , 2009 .
Quantification of Base Flow
In addition to total streamflow, we also examined the hydrological drought in terms of base flow. Compared to streamflow, the recovery of base flow is possibly less influenced by rainfall events and represents a more steady and consistent recovery of catchment water storage [Spence, 2007; Van Loon and Laaha, 2015] . Here, we used the one-parameter [Lyne and Hollick, 1979] method to separate base flow from total streamflow. The recession constant in the Lyne-Hollick method was quantified for each catchment using the BrutsaertNieber method [Brutsaert and Nieber, 1977] applied with the Automatic base flow Identification Technique developed by Cheng et al. [2016] . The Lyne-Hollick method performs reasonably and similarly to other three base flow separation methods, including two digital filtering methods (Chapman-Maxwell method [Chapman and Maxwell, 1996] and Eckhardt [2005] method) and the United Kingdom Institute of Hydrology method [Mei and Anagnostou, 2015] . Detailed description of the base flow separation method and its assessment across Australian catchments are found in Zhang et al. [2017] .
Quantification of Drought
Many indices have been proposed to monitor drought over the past several decades [Mishra and Singh, 2010] . However, most of these indices were developed for specific aspects of drought, bringing difficulties in the comparison between different drought types. For example, the Standardized Precipitation Index (SPI) was designed to monitor meteorological drought [McKee et al., 1993] , while the Palmer Drought Severity Index (PDSI) was developed to quantify agricultural drought by focusing on soil moisture [Palmer, 1965] . In addition, although the same principle as SPI has been applied to quantify hydrological drought (e.g., the Standardized Streamflow Index or SSI [Shukla and Wood, 2008] ), SPI and SSI usually adopt different probability distribution functions to fit the data, which may result in additional uncertainties when comparing the two.
Here, we define drought based solely on the monthly anomalies for the three hydro-meteorological variables (i.e., precipitation, streamflow and base flow). In Figure 2 we use precipitation for the example catchment (see Figure 1 ) to illustrate the approach. The same procedures were used to quantify the hydrological droughts, using streamflow and base flow as input. We first calculate the annual precipitation anomaly and 
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smoothed it with a 3 year moving window to avoid single wetter years interrupting a long and significantly dry period [Saft et al., 2015] . Note here we use an Australian water year defined as from 1 July to 30 June. The Millennium drought was defined as the period with more than 7 consecutive years of smoothed negative anomalies. The first/last year of the Millennium drought were set to be the start/end of the first/last 3 year negative anomaly. For the example catchment, the start and end of the meteorological drought are in 2001 and 2009, respectively ( Figure 2a ).
Next, the exact month of the start and end of the dry period were determined based on the accumulated monthly precipitation anomaly ( Figure 2b ). The monthly precipitation anomaly was calculated by subtracting the monthly precipitation series from the monthly climatology means for the year evaluated . A piecewise regression model was applied to the cumulative monthly anomaly series to detect the turning points for the cumulative anomaly series [Toms and Lesperanc, 2003; Yang et al., 2014] :
where t is the month and y is the accumulated monthly precipitation anomaly; b 0 , b 1 and b 2 are regression coefficients; a is the assumed turning point, which was determined based on annual anomaly analysis. The range of the a value was set to be 12 months before and after the start or end year determined from the annual anomaly analysis. For instance, in the example case here, the start year of the drought is 2001 (determined from Figure 2a , that is from July 2001 to June 2002), and the range of a was set to be from July 2000 to June 2003. In a similar way, the range of a for the drought end was determined to be from July 2008 to June 2011. Least squares linear regression was used to estimate the three regression coefficients, and a t-test was applied to test if b 2 is not equal to zero. For each 3 year series the value of a, which results in the most significant (nonzero) b 2 value was defined as the start or end month (as appropriate) of the drought. The drought duration was determined as the time difference between the start and the end months. Drought severity was calculated as the accumulated precipitation anomaly during the drought, and drought intensity was calculated as the ratio of drought severity over drought duration. To ensure that the drought severity and intensity are comparable between catchments, the accumulated precipitation anomaly during drought was expressed as a relative value with respect to the mean (resulting in a drought severity unit of % and drought intensity unit of % per month).
Linking Recovery Lags With Climate and Catchment Properties
To understand the climatic and catchment controls on the time lag between the end of the meteorological drought and that of the hydrological drought, i.e., lag between the end of the meteorological drought and streamflow drought (Lag_Q) and base flow drought (Lag_Q B ), we used a statistical approach to establish a relationship of the two lag terms with various hydro-climatic factors and catchment properties. The 12 hydro-climate factors examined here include: (i) precipitation recovery rate (P rr ; calculated as the ratio of accumulated relative precipitation anomaly between the end of the meteorological drought and hydrological drought over the time lag, % per month); (ii) precipitation drought intensity (P di ); (iii) precipitation drought severity (P ds ); (iv) precipitation drought duration (P_duration); (v) recovery rate of potential evaporation (E 0ri ; calculated in the same manner as P rr ), (vi) streamflow drought intensity (Q di ); (vii) streamflow drought severity (Q ds ); (viii) streamflow drought duration (Q_duration), (ix) base flow drought intensity (Q Bdi ); (x) base flow drought severity (Q Bds ); (xi) base flow drought duration (Q B _duration); and (xii) catchment mean aridity index (AI, defined as the ratio of mean annual potential evaporation over precipitation during . The 11 catchment properties include: (i) catchment mean latitude; (ii) mean longitude; (iii) mean elevation; (iv) mean slope; (v) catchment area; (vi) VBF; (vii) total vegetation cover; (viii) persistent vegetation cover; (ix) recurrent vegetation cover, and saturated soil hydraulic conductivity within the (x) top-layer (kspk 1 ) and (xi) sublayer (kspk 2 ). In turn, for each of the 12 hydro-climate factors and 11 catchment properties a t-test (i.e., a two-tailed significance test of a simple linear regression) was used to examine whether the relationship between the two lag terms (i.e., Lag_Q and Lag_Q B ) is significant. The statistical measures of climate factors and catchment properties for the 130 study catchments are summarized in supporting information Table S1 .
Finally, to perform regionalization, we used multiple regression to build a statistical model between the two lag terms and the influencing hydro-climate factors/catchment properties and tested the resulting model with a five-fold cross validation. The five-fold cross validation involves procedures that firstly partitions the original data set into five approximately equal sized subsets. Of the five subsets, a single subset is retained as independent validation data and the remaining four are used for model calibration. The cross-validation process is then repeated five times, with each of the five subset used once as independent validation data [Refaeilzadeh et al., 2009] . Following that, the established models were applied to the primary water and agricultural yielding areas in southeast Australia to map the two lag terms after the Millennium drought.
Results
Drought Characteristics
The Millennium drought in Southeastern Australia is known for its long duration and high intensity. Here we find that the precipitation deficit commenced as early as March 1992 in three (of the 130) catchments, which is much earlier than the previously reported onset date of around 1997 [e.g., Ummenhofer et al., 2009; Van Dijk et al., 2013] (Figure 3) . Spatially, the precipitation deficit started earlier in the south, while the last catchment to register a precipitation deficit was in March 2002 ( Figure 3a) . Averaged over all catchments, the meteorological drought started in October 1997, which is consistent with region-wide drought onset reported previously [e.g., Commonwealth Scientific and Industrial Research Organisation (CSIRO), 2010]. The end of the meteorological drought also showed a high spatial heterogeneity. Catchments in the southeast corner recovered from drought last (2010) while meteorological drought in the northern coastal regions finished earlier (before 2008) ( Figure 3b ). As a result, catchments in the south, especially those in the southeast corner, had the longest meteorological drought duration (> 180 months) while the northern catchments experienced a shorter duration of meteorological drought (< 120 months) (Figure 3c ).
Regarding the two hydrological variables, as expected, the start and end of their drought showed similar spatial patterns as the meteorological drought. On average, the streamflow drought started in December 1997 and ended in March 2010 while the base flow drought started in January 1998 and ended in July 2010 ( Figure 3 ). The duration of the hydrological droughts also had a similar spatial pattern as the meteorological drought, with catchments in the south generally showing a longer duration than those in the north ( Figure  3 ). Without exception, the hydrological droughts lasted longer than meteorological droughts, indicating a delayed recovery from the meteorological drought in both hydrological variables. The drought duration averaged 147 months and 149 months for streamflow and base flow, which are 5 months and 7 months longer than the mean duration of the meteorological drought (142 months) across all the catchments, respectively.
The severity and intensity of the Millennium drought in terms of the three hydro-meteorological variables are shown in Figure 4 . Overall, precipitation exhibited the smallest drought severity (P ds ) and intensity (P di ) with a mean value of 221.2% and 20.15% per month, respectively. In comparison, streamflow and base flow had a much larger drought severity (Q ds and Q Bds ) and intensity (Q di and Q Bdi ), with respective averages across all the catchments of 280.9% and 20.55% per month and 280.5% and 20.54% per month. However, despite a relatively smaller mean meteorological drought intensity (P di ) compared to streamflow and base flow, the value of P di showed a higher spatial heterogeneity (coefficient of variation is 0.50) compared to the other two hydrological variables (coefficient of variation is 0.31 for Q di and 0.34 for Q Bdi ). Greater drought severities are found in southern catchments where drought also lasted generally longer (Figures 3  and 4) . While the spatial patterns of the drought intensities are less clear, there seems to be a tendency that the coastal catchments generally suffered a less intense drought than the more inland catchments, especially for the two hydrological variables (Figures 4d and 4f ).
The time lags between the end of the meteorological drought and the hydrological droughts are shown in Figure 5 and demonstrate that the two lag terms (i.e., Lag_Q and Lag_Q B ) both exhibit a very similar spatial distribution. This suggests that the delay in the recovery of the two hydrological variables from the Millennium drought may have primarily been caused by similar climatic factors and/or catchment properties. However, no clear patterns can be visualized in these two lags. In general, the recovery of base flow showed a longer lag (averaging 10.8 months) than the recovery of streamflow (averaging 7.3 months). Combining this with the mean drought duration and mean drought starting and ending time as reported in Figure 3 , we estimate an average time lag in the hydrological drought onset of 2.1 months for streamflow and 3.5 months for base flow. However, no significant relationship can be found between the onset lags and the Figure S1 ), suggesting that any predrought condition may have played a negligible role in the control of the lags in the hydrological drought recovery. Table 1 shows the correlation of lag time between the end of the hydrological drought and the meteorological drought versus the 12 hydro-climatic factors. The results show that the lag is strongly dominated by the recovery rate of precipitation (P rr ). The relationship between time lag and P rr is also best described by a power function (i.e., 1/P rr ) compared to a linear function (Table 1 and Figure 6 ), highlighting a nonlinear response of catchment hydrological behaviors to external water input. Other climatic factors showing statistically significantly relationships with Lag_Q (with much weaker correlations compared to the correlation against P rr ) include precipitation drought intensity (P di ; p<0.01), recovery rate of potential evaporation (E 0rr ; p<0.01) and mean annual aridity index (AI; p<0.1). Lag_Q B is also significantly correlated with E 0rr (p<0.01) and AI (p<0.01) (Table 1) . Surprisingly, the duration, severity and intensity of the hydrological droughts 
Climatic and Catchment Controls on the Time Lags
Water Resources Research
10.1002/2017WR020683
were found to play negligible roles in determining the time lag in the hydrological recovery from the meteorological drought (Table 1 ).
In addition to the 12 hydro-climatic factors, we also investigated statistical relationships between 11 catchment properties and the time lag in hydrological recovery. Here we show that Lag_Q and Lag_Q B are respectively correlated with catchment mean elevation and latitude (p<0.05). The catchment mean slope and VBF also significantly correlated with both Lag_Q and Lag_Q B , with catchments having a steeper landscape and narrower valley bottom generally showing smaller Lag_Q and Lag_Q B values. Moreover, saturated soil hydraulic conductivity also showed significant correlations with Lag_Q and Lag_Q B , with a larger saturated soil hydraulic conductivity corresponding to a more rapid recovery of base flow from the meteorological drought (Table 2) . However, the correlations against these catchment properties are generally much smaller than the correlations against P rr (cf. Table 1 and 2).
The relationship between the 11 catchment properties and the time lag in hydrological recovery become generally stronger after removing the effect of P rr (i.e., by examining the relationship between the residuals in the lag -P rr relationship and the 11 catchment properties) ( Table 3) . Nevertheless, similar with results in Table 2 , the residual errors in the Lag_Q -P rr and Lag_Q B -P rr relationships (i.e., observed lags that cannot be explained by the fitted function) are most significantly correlated with VBF (Figure 7 ), followed by mean slope, which is essentially characterized by VBF. In addition, the effect of vegetation cover on the time lag become evident after removing the impact of P rr , demonstrating the role of terrestrial plants in the control of runoff generation [e.g., Donohue et al., 2007; Liu et al., 2016] .
Mapping Time Lags Over Southeastern Australia
The above results revealed that the rate of precipitation recovery is the predominant factor that controls the time lag in the hydrological recovery across the study catchments. However, in practical applications such as mapping the time lags over the entire region (i.e., extending this relationship beyond the gauged catchments via regionalization), using P rr is less satisfactory. This is because the determination of P rr requires the time lag of a specific hydrological variable as a prior knowledge, whereas these hydrological variables are often only available for limited number of gauged catchments. Here, we alternatively tested a series of P rr over fixed periods (i.e., P rr_n , with n denoting a certain fixed period of time and ranging from 0 to 12 months). We found that Lag_Q and Lag_Q B are both most closely correlated with the rate of precipitation recovery over 7 months after the meteorological drought (i.e., P rr_7 ) ( Figure 7) . As a result, P rr_7 , together with two other two factors that are most significantly correlated with both Lag_Q and Lag_Q B (i.e., VBF and E 0rr ) examined above, were used to construct a statistical model for mapping the lags in the hydrological drought recovery over southeast Australia.
After performing multiple regression, the following multivariate regression models were established for Lag_Q and Lag_Q B , respectively: Equation (2) and (3) explains 61% and 70% of the observed variance in Lag_Q and Lag_Q B , with a rootmean-square error (RMSE) of 4.3 months and 5.5 months respectively, for the 130 catchments. Moreover, a five-fold cross validation was adopted to test the structural form of the above statistical models, and the results generally confirms the applicability of the models to map the lags in the hydrological drought recovery (Figure 8 ). Nevertheless, it is noted that the statistical models tend to underpredict lags at longer lags and overestimate lags at the shorter end (Figure 8 ). Figure 9 shows the spatial distribution of the two lag terms across southeastern Australia. Consistent with the catchment results, base flow had a larger time lag in the most parts of the region (mean Lag_Q B is 14.6 months) than Lag_Q (mean Lag_Q is 9.2 months). Additionally, both lag terms showed a similar spatial pattern, with larger lags along the southern coast, smaller lags in the southern parts of the Murray-Darling Basin and larger lags again toward north. This can be mainly ascribed to the pattern of rainfall recovery rate, which predominantly controlled the time lag in the recovery of both hydrological variables from meteorological drought. 
Discussion
The Millennium drought in southeastern Australia was considered to be the ''worst'' drought in terms of many measures in the instrumental record [Ummenhofer et al., 2009; Van Dijk et al., 2013] . By analyzing the anomaly of various hydro-meteorological time series, we report that the precipitation deficit started in late 1997 and ended in late 2009 when averaged over 130 southeast Australian catchments (i.e., the drought lasted around 12 years).
That agrees well with a previous finding using a different drought definition [CSIRO, 2010] . However, the onset and termination of the meteorological drought differ greatly at individual catchments, suggesting high spatial variability of rainfall over the study region. The result highlights the importance of analyzing drought at individual catchments, which are directly relevant to the agricultural, ecological and hydrological impacts, rather than at the regional scale [Barker et al., 2016; Folland et al., 2015; Fleig et al., 2011] .
The duration of the two hydrological droughts (i.e., streamflow and base flow) are both longer than that of the meteorological drought (Figure 3) , which is also consistent with findings in other parts of the world. By using SPI and SSI, Barker et al. [2016] reported that the most severe streamflow droughts in UK last typically 9% longer than the corresponding meteorological droughts. Using the threshold level method, Van Loon and Van Lanen [2012] found that the streamflow droughts last 170% (this large value is primarily due to relatively short drought lengths) longer than the meteorological droughts across five headwater catchments in Europe. In our study, the hydrological droughts showed much larger severity and intensity than the meteorological drought (Figure 4) , suggesting a nonproportional reduction between hydrological variables and precipitation, which may have led to a substantial shift in the catchment rainfall-runoff relationship during prolonged droughts [Saft et al., 2015] . Such a shift may (depending on the relative length of the drought compared to the overall time series) cast doubt on the assumption of catchment stability over long period implicitly embedded in many hydro-climatological models (e.g., the Budyko model) and requires additional research attention [see e.g., Saft et al., 2015 Saft et al., , 2016a Saft et al., , 2016b .
By analyzing the propagation of drought from precipitation to the terrestrial components of the hydrological cycle, we found a time lag commonly exists in the hydrological recovery from the meteorological drought ( Figure 5 ). In comparison, the recovery of base flow generally shows a longer time lag than the recovery of streamflow. This is reasonable, as base flow represents the last step in the drought propagation from the atmosphere to the land surface and its recovery usually requires the catchment water storage to exceed a certain threshold, which is governed by multiple climatic factors and catchment properties and can take a long time [Spence, 2007] . In contrast, streamflow consists of both quick flow and base flow components, with the former one responding more directly to precipitation and consequently would occur with shorter lags following precipitation events.
Despite differences in the time lag in the recovery of the two hydrological variables, the recovery rate of precipitation (P rr ) is found to be the primary factor controlling both lag terms (Table 1) . Using a power function of P rr alone could account for 72% 74% of the observed spatial variance in both lag terms (Figure 6 ), suggesting that changes in precipitation dominantly controls the variability of surface hydrological behaviors in this semi-arid environment [Budyko, 1974] . Parry et al. [2016] also reported a significant role of catchment rainfall amount in the control of drought termination duration (note here drought termination Figure 8 . Five-fold cross validation for the structural forms of equations (2) Relationship between the time lag in the hydrological recovery after meteorological drought and precipitation recovery rate over the optimal fixed period. (a) Relationship between the time lag in the streamflow recovery after meteorological drought and precipitation recovery rate over 7 months, and (b) relationship between the time lag in the base flow recovery after meteorological drought and precipitation recovery rate over 7 months. Note that the x axes were log-transformed to better illustrate the relationships. Red lines indicate the best-fit relationship as provided by the equations.
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duration is slightly different from the time lags in the hydrological drought recovery) and drought termination rate across UK catchments. The valley bottom flatness (VBF) was found to be the secondary factor that partly controls the time lag in the recovery of streamflow and base flow (Tables 2 and 3 ). Different from hillslopes where soil depths are usually shallower, valley bottoms generally represent a depositional environment where sediment deposits as floodplains and/or fans in this environment [Gallant and Dowling, 2003; Herron and Wilson, 2001] . These areas usually contain a relatively deeper soil layer, which functions as a hydrological buffer and affects catchment water storage to greatly modify the water yield of a catchment [Butterworth et al., 2000; Herron and Wilson, 2001] . As a result, catchments with broader and flatter valley bottoms (as indicated by a larger catchment mean VBF value) generally show a longer Lag_Q and Lag_Q B , as external water input in those catchments would have experienced a larger buffering before it became runoff. In contrast, catchments with smaller mean VBF and a larger mean slope were associated with a smaller Lag_Q and Lag_Q B (Table 2) , as a steeper landscape and likely shallower soil depth both favor the generation of quicker surface flow. Saft et al. [2016b] reported that soil depth is also related to the magnitude of shift in the catchment rainfall-runoff relationship during prolonged droughts, which may partly explain the role of VBF in the control of lags in the hydrological drought recovery (i.e., a longer lags due to shifted response of runoff to precipitation).
In addition to P rr , VBF and mean slope, a series of other hydro-climate factors and catchment properties were found to also play significant (yet comparably minor) roles in determining Lag_Q and/or Lag_Q B (Tables 1-3) . Specifically, E 0rr reflects the intensity of atmospheric water demand after the meteorological drought and AI represents the effect of mean climate conditions on the hydrological drought recovery. The effects of elevation and latitude are not purely catchment controls, because their impacts on Lag_Q and/or Lag_Q B are also possibly related to mean climate conditions, i.e., temperature and radiation. This is consistent with Parry et al. [2016] , who showed that catchment mean elevation significantly controls the drought termination duration in UK. On the other hand, the effects of temperature and radiation are also partly included in E 0 . Consequently, neither elevation nor latitude is adopted in the multilinear regression model for the regionalization of both lags (equation (2) and (3)). Vegetation controls the partitioning of precipitation into streamflow and actual evapotranspiration by altering foliage cover, physiological capacity and rooting depth [e.g., Donohue et al., 2007 Donohue et al., , 2012 Liu et al., 2016; Yang et al., 2016a; Ye et al., 2015] . The soil hydraulic conductivity, kspk, describes the soil's ability to transmit water, which highlights the role of soil texture on the control of runoff generation [Woods and Balfour, 2010; Zimmermann et al., 2006] . The effect of catchment properties on lags generally become more evident after removing the impact of P rr (Table 3) . This is not surprising, because P rr is likely a system driver of the lags in the hydrological drought recovery given a strong correlation between lags and P rr . Therefore, removing P rr allows a focused analysis on the system characteristics and therefore better reflects the impacts from other aspects.
It was somewhat unexpected that the neither the duration nor the severity of the hydrological drought show a significant control on the time lag of the hydrological recovery (Table 1) . Theoretically, a longer duration and larger intensity of drought, which indicate a greater reduction in the catchment water storage, are likely to result in a longer time lag in the hydrological recovery (in particular for Lag_Q and Lag_Q B ) [Van Loon, 2015; Iniguez et al., 2016] . The lack of the duration-lag and intensity-lag relationships in the region suggests that: (1) the storage may have reached a lower limit during the severe Millennium drought leading to a lack of ongoing response (ongoing decline) in storage as the drought progressed. This also partly explains the weak relationship between hydrological drought onset lags and recovery lags across the catchments (supporting information Figure S1) ; and/or (2) the intense precipitation events ending the Millennium drought has imposed a very strong signal over the catchment storage deficits when determining the speed of hydrological drought recovery. Nevertheless, we suspect that these findings are highly location-and event-dependent and may not be transferable to other cases. Instead, we would expect a stronger control on the lag of hydrological recovery by the duration and intensity of the drought itself for drought events with a smaller precipitation recovery intensity.
It is worthwhile noting that besides the time lags analyzed herein, there are many other drought recovery characteristics reported in the literature (e.g., drought recovery rate and drought recovery duration) [Iniguez et al., 2016; Parry et al., 2016] . However, as these drought recovery characteristics are all controlled by similar factors (primarily by external water input after drought [Iniguez et al., 2016; Parry et al., 2016] ), we would expect a similar spatial pattern of these recovery characteristics after the Millennium drought across catchments, i.e., a shorter time lag would correspond to a faster recovery rate and shorter recovery duration. Nevertheless, a comprehensive understanding of different drought recovery aspects remains a challenge for our further studies.
Our analysis of the time lag in the hydrological drought recovery also has important implications for the management of water resources and assessment of water security in the region. Southeastern Australia is the primary agricultural region in the country and encompasses five of eight Australian capital cities ( Figure  9a ). A longer Lag_Q may indicate a more persistent water shortage and thus a greater water crisis when drought occurs. Here we take the five capital cities (i.e., Sydney, Brisbane, Canberra, Adelaide and Melbourne; Figure 9a ) for an example, and assume a hypothetical natural (i.e., without human modifications) and local (within 100 km from the city center in all directions) water supply for all cities. This enables us to estimate a delay in the recovery of urban water supply (indicated by Lag_Q) after the meteorological drought of 5.9, 9.6, 11.5, 12.3, and 13.7 months for Sydney, Brisbane, Canberra, Adelaide and Melbourne, respectively (Figure 9a ). Although this calculation is based on very simple assumptions, it provides valuable guidance to the design of reservoirs and channels for any inter-catchment water transfer to minimize water shortage in major urban areas facing droughts. Finally, it is worthwhile noting that since the catchments used to construct the statistical models for estimating time lags are mostly distributed along the southeast border of the Murray-Darling Basin and the coastal areas (e.g., the high water yielding regions [Donohue et al., 2011] ), the resultant lags in further inland regions may be subject to higher uncertainties and should be viewed cautiously.
Conclusion
Multiple aspects of the meteorological and hydrological (streamflow and base flow) droughts during the Millennium drought were assessed based on long-term hydro-meteorological observations and hydrological modeling across 130 unimpaired catchments in southeastern Australia. The mean duration of the meteorological drought was found to last 142 months, which is 5 and 7 months shorter than that of the streamflow and base flow droughts, respectively. The intensity of the meteorological drought was also significantly amplified in the hydrological droughts, and this nonstationarity in the rainfall-runoff relationship over prolonged drought needs to be adequately captured in predictive hydrological models.
The time lag between the end of the hydrological droughts and the end of the meteorological drought can be significant, which reflects a delayed response in the terrestrial components of the hydrological cycle to water input after prolonged drought. Averaged across the 130 catchments, the end of the streamflow and
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base flow drought respectively occur around 7 and 11 months after the end of the meteorological drought. This delayed response or lag is longer in the south, with some catchments showing lag of several years between the end of the hydrological droughts and the end of the meteorological drought.
In the analysis here, the lag between the end of the hydrological and meteorological droughts was found to primarily controlled by the rate of rainfall recovery at the end of the meteorological drought and to a lesser extent by the catchment landscape (i.e., VBF), with other climatic and catchment characteristics having minor influences. The lag between the end of the hydrological and meteorological droughts is shorter for higher rates of rainfall recovery and for catchments with steeper slope and narrow valleys. For the Millennium drought there was no evidence that the duration or severity of the hydrological drought influenced the time taken to recover from the drought. However, this drought was broken by extremely high precipitation, and it is likely that the hydrologic drought characteristics (duration, severity) may have some influence on the recovery time for smaller precipitation events. Table S1 and Figure S1 Supplementary Supplementary Figure S1 Relationship (a) between lags in streamflow drought onset and lags in streamflow drought recovery, and (b) between lags in baseflow drought onset and lags in baseflow drought recovery.
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